Abstract: Recent studies have advanced our understanding of the role of the cerebellum in non-motor behaviors. Abnormalities in the cerebellar structure have been demonstrated to produce changes in emotional, cognitive, and social behaviors resembling clinical manifestations observed in patients with autism spectrum disorders (ASD) and schizophrenia. Several animal models have been used to evaluate the effects of relevant environmental and genetic risk factors on the cerebellum development and function. However, very few models of ASD and schizophrenia selectively target the cerebellum and/or specific cell types within this structure. In this review, we critically evaluate the strength and weaknesses of these models. We will propose that the future progress in this field will require time-and cell type-specific manipulations of disease-relevant genes, not only selectively in the cerebellum, but also in frontal brain areas connected with the cerebellum. Such information can advance our knowledge of the cerebellar contribution to non-motor behaviors in mental health and disease.
Introduction
The cerebellum is traditionally considered as the brain area involved in coordination and motor activity (Evarts and Thach, 1969) . The cerebellum also has extensive connections with the brain areas (e.g., prefrontal and posterior parietal cortex) that deal with non-motor tasks (Clower et al., 2001 (Clower et al., , 2005 . Thus, altered cerebellar structure and function could lead to several abnormalities in the emotional, cognitive, and social domains often observed in patients with such neurodevelopmental disorders as autism spectrum disorders (ASD) and schizophrenia (Leiner et al., 1986; Schmahmann, 1991; Leiner, 2010) . Thus, our view of the complex neurobiology of ASD and schizophrenia will remain incomplete without a better understanding of the role of the cerebellum in the non-motor functions (Andreasen and Pierson, 2008) .
Here, we provide a brief summary of the neuropathology and pathophysiology of the cerebellum in ASD and schizophrenia, referring the readers to the comprehensive reviews of these topics. Among symptoms that suggest the cerebellum involvement in schizophrenia are abnormalities in coordination and posture, impaired eyeblink conditioning, and deficits in procedural learning (Snider, 1982; Kinney et al., 1999; Konarski et al., 2006) . The structural alterations in the cerebellum and related networks have been proposed to contribute to these neurological signs (Andreasen and Pierson, 2008; Yeganeh-Doost et al., 2011) . Postmortem studies have found decreased gyrification, smaller granular and molecular layers of the vermis, and loss of Purkinje cells (PCs) (Martin and Albers, 1995; Supprian et al., 2000; Andreasen and Pierson, 2008) . Neuroimaging studies have corroborated postmortem findings demonstrating reduced vermis volume as well as the altered anatomical and functional connectivity of the cerebellum with the thalamus and cerebral cortex ( Villanueva, 2012; Lungu et al., 2013) . The neuropathological findings were further supported by gene and protein expression data to demonstrate the down-regulation of synaptophisin, SNAP-25 (synaptosome-associated protein of 25 kDa), and complexin and up-regulation of an axonal chemorepellant semaphorin 3A (Eastwood et al., 2001 (Eastwood et al., , 2003 Mukaetova-Ladinska et al., 2002) . Interestingly, the activities and levels of D amino acid oxidase (DAO), the enzyme that metabolizes D-serine and is a co-agonist of (N-methyl-D-aspartate) NMDA receptor, have also been found to be upregulated (Burnet et al., 2008) . Taking into account the extensive connections between the cerebellum and forebrain areas, cerebellar abnormalities have been suggested to produce 'cognitive dysmetria' to explain the 'poor mental coordination' observed in patients with schizophrenia (Andreasen et al., 1996 (Andreasen et al., , 1998 .
Unlike research in schizophrenia, the cerebellum has always been a major focus of neuropathological evaluation in ASD (Fatemi et al., 2012) . Several studies have indicated a decrease in the number of PCs, although there are negative findings as well (Kemper and Bauman, 1998; Kern, 2003) . In addition to PCs, abnormal sizes and shapes of neurons of the deep cerebellar nuclei have also been observed (Palmen et al., 2004; Amaral et al., 2008) . The findings appear in line with the hypothesis that ASD has a prenatal origin, with some pathogenic processes continuing after birth (Fatemi et al., 2012) . Structural magnetic resonance imaging (MRI) studies have produced conflicting data, which are possibly related to the considerable heterogeneity of ASD, with the majority of individuals with ASD exhibiting vermal hypoplasia and a subset having vermal hyperplasia. Functional MRI studies have further indicated that the cerebellum is functionally abnormal in ASD patients (Courchesne, 1991; Verhoeven et al., 2010; Fatemi et al., 2012) . Similar to schizophrenia, the glutamatergic and γ-aminobutyric acid (GABA) systems of the cerebellum are affected in ASD patients (Blatt, 2005) . Thus, the available findings seem to point to the common (e.g., decreased volume of the vermis) and somewhat disease-specific (e.g., reduced number and ectopic PCs in ASD) pathology of the cerebellum in ADS and schizophrenia.
Human genetic and epidemiological studies have identified genetic risk factors (Sullivan et al., 2012) and environmental adversities (Chaste and Leboyer, 2012; Michel et al., 2012; Goines and Ashwood, 2013 ) associated with autism and schizophrenia. The known genetic and environmental risk factors seem to predominantly affect prenatal brain maturation, with behavioral abnormalities manifesting during postnatal period (Rapoport et al., 2012; Rodriguez-Murillo et al., 2012) . Based on the human data, numerous genetic and environmental animal models have been generated to elucidate the mechanisms of abnormal neurodevelopment. The majority of animal preparations have focused on the frontal cortex, hippocampus, and striatum (Arguello and Gogos, 2012; Pratt et al., 2012) . Much fewer studies have attempted to evaluate the effects of genetic mutations or environment adversities on the cerebellum and the resultant behaviors that would mimic clinical aspects of neurodevelopmental disorders, such as ASD and schizophrenia (Rogers et al., 2013) . In this review, we will critically evaluate the animal models of cerebellar abnormalities pertinent to ASD and schizophrenia and provide the recommendations for the future research in the field.
Animal models of cerebellum dysfunction Environmental models Borna virus disease model
Borna disease virus (BDV) is a neurotropic RNA virus linked to schizophrenia, bipolar disorders, and depression in several studies (Rott et al., 1985; Sierra-Honigmann et al., 1995; Waltrip et al., 1995; Taieb et al., 2001; Arias et al., 2012) . However, the involvement of BDV in human illnesses has always remained a controversial topic, and one recent report seemed to have conclusively demonstrated the lack of BDV presence in the samples from patients with autism and other psychiatric conditions (Lipkin et al., 2011) . Nonetheless, neonatal BDV rat model of neurodevelopmental damage has been instrumental in illuminating the pathways by which neurotropic viruses impact brain maturation, resulting in behavioral abnormalities resembling ASD and schizophrenia (Pletnikov et al., 2002) . Among others, the outcomes of neonatal BDV infection in rats include the following: (1) a gradual loss of PCs and the ensuing reduced size of the cerebellum; (2) hyperactivity, social-play deficits, cognitive deficits and chronic anxiety; and (3) altered brain regional monoamine levels (Pletnikov et al., 2002) . Both direct effects of the virus on PCs (one of the main targets of BDV in the brain) and chronic inflammation resembling human postmortem data are responsible for the brain and behavior abnormalities in BDV-infected rats (Pletnikov et al., 2003; Dietz et al., 2004; Lancaster et al., 2007) . Although the BDV model no longer has relevance to human psychiatric disease, the neuroimmunological and neurobehavioral studies with this model represent some of the earliest systematic investigations on the effects of neurotropic virus infection on neurodevelopment to produce behavioral alterations consistent with aspects of ASD and psychotic disorders.
Valproic acid
Valproic acid (VPA) is an anticonvulsant and mood-stabilizer that is used to treat certain types of epilepsy, mania in bipolar disorder, and migraines (Roullet et al., 2013) . VPA is a histone deacetylase inhibitor, preventing chromatin from transcriptional silencing. In utero exposure to VPA during the first trimester is associated with the elevated risk of ASD (Boyadjieva and Varadinova, 2012; Chomiak and Hu, 2013) , stimulating the development of rodent models to identify the mechanisms of action of VPA on neurodevelopment and behavior. These studies have been recently reviewed elsewhere (Roullet et al., 2013) . In brief, the published data consistently indicate that prenatally VPA exposed animals demonstrate abnormalities resembling both the core symptoms of ADS and the so-called 'additional behaviors' related to the human behavioral pathology, supporting face validity of the model (Roullet et al., 2013) . We will provide an overview of the studies that directly evaluated the effects of VPA on the cerebellum.
Rats exposed to VPA on embryonic (E) day 12.5 had aberrations in the cerebellum similar to those found in patients with ASD, such as reduced number of PCs and the resultant decrease in the cerebellar volume (Ingram et al., 2000) . Multiple studies have demonstrated that VPAtreated rats exhibit exacerbated sensitivity to non-painful stimuli, impaired prepulse inhibition (PPI) of the acoustic startle, hyperactivity, and altered social behaviors. All behavioral changes have been found to be present before puberty, consistent with the time of appearance of the clinical symptoms of ASD in humans, but different from other animal models of neurodevelopmental disorders, especially rodent models of schizophrenia (Schneider et al., 2005 (Schneider et al., , 2006 (Schneider et al., , 2008 Markram et al., 2008; DufourRainfray et al., 2010) . Stanton et al. (2007) evaluated autism-relevant alterations in the acquisition of classical eyeblink conditioning and in the reversal of instrumental discrimination learning in offspring of female Long-Evans rats exposed to VPA at E12. Acquisition of discriminative eyeblink conditioning depends on the brainstem-cerebellar circuitry, whereas reversal learning involves long-range interactions between the cerebellum and the hippocampus and prefrontal cortex. Rats exposed to VPA exhibited faster eyeblink conditioning, in line with the findings in autistic children (Stanton et al., 2007) . In a series of cognitive tests, prenatally VPA-treated rats had changes in the delayed non-match-to-sample task, novel object recognition, activity box, and Whishaw tray reaching task. These behavioral alterations were associated with the reduced brain weight and cortical thickness, decreased dendritic branching in the orbitofrontal cortex (OFC) and medial prefrontal cortex (mPFC), and decreased spine density in the mPFC, OFC, and cerebellum (Mychasiuk et al., 2012) . Thus, VPA-produced neuroanatomical abnormalities include a reduced number of PCs in the posterior lobes of the cerebellum, similar to changes observed in the human brain (Ingram et al., 2000) . These neuropathological changes could be partly responsible for some autismrelated behavioral alterations (Rodier et al., 1997) .
Importantly, VPA-induced behavioral changes can be reversed by environmental factors. For example, environmental enrichment, which included extensive training and handling developing pups and housing rats in large cages, can reverse almost all behavioral abnormalities produced by a single intraperitoneal injection of 600 mg/kg sodium valproate on day 12.5 after conception ( Schneider et al., 2006) . Similarly, VPA-induced behavioral alterations can be ameliorated by treadmill exercise. VPA treatment (400 mg/kg) of rats on P14 led to decreased motor coordination and balance in the rotarod test and vertical pole test. Both behaviors significantly improved after forced daily 30-min treadmill exercise for 4 weeks, starting on P28. The therapeutic effect of treadmill exercise on motor deficits has been associated with the reelin-mediated anti-apoptotic effect of treadmill on PCs (Kim et al., 2013a) . There is also an intri guing report on ameliorating VPA-produced abnormalities with Bacopa monniera (B. monniera), a creeping herb of wetlands of India, where it is used in traditional ayurvedic medicine. In that study, pregnant rats were exposed to VPA (600 mg/ kg, ip) on E12.5 and the offspring was treated with saline or B. monniera (300 mg/kg/p.o.) from post natal day (P) 21-35. Treatment with B. monniera signi ficantly improved the behavioral alterations, decreased oxidative stress markers and restored histoarchitecture of the cerebellum (Sandhya et al., 2012) .
The findings in mice generally paralleled those in rats. BALB/c mice injected on P14 with 400 mg/kg VPA engaged in fewer social interactions and showed reduced motor activity in a social context. At 12 and 24 h following VPA, treated mice had up to a 30-fold increase in the number of TUNEL-positive cells in the external granule cell layer of the cerebellum and a 10-fold increase in TUNELpositive cells in the dentate gyrus of the hippocampus. These observations may provide a histopathological correlate for the social deficits observed following postnatal VPA exposure (Yochum et al., 2008 ). These authors also tested the hypothesis that genetically altered mice might be more sensitive to toxicants early in life. They used mice with deletion of glutathione-S-transferase M1 (GSTM1), a gene associated with increased risk of autism (Buyske et al., 2006) and encodes for an enzyme involved in the management of toxicant-induced oxidative stress (Wu et al., 2012) . GSTM1 knockout (KO) mice treated with VPA on P14 performed significantly fewer crawl-under behaviors compared with saline-treated KO or wild-type (WT) mice given either treatment. Yochum et al. (2010) hypothesized that the GSTM1 gene may be protective against VPA-induced neuronal injury.
Taken together, VPA models are important experimental preparations in recreating cerebellar pathology and neurobehavioral alterations observed in patients with ASD. The main caveat of the VPA models is limited regional specificity of the effects, thus complicating the interpretation of the contribution of cerebellar pathology to behavioral alterations.
Influenza models
Prenatal influenza viral infection is associated with the development of schizophrenia and ASD (Brown and Derkits, 2010). Fatemi laboratory pioneered a mouse model of prenatal influenza infection following intranasal administration of live virus to pregnant mice at different time points across pregnancy (Meyer et al., 2009; Kneeland and Fatemi, 2013) . In addition to a number of brain and behavioral abnormalities observed in offspring exposed in utero to influenza infection, Fatemi's group found maldevelopment of the cerebellum and significantly altered expression of several genes associated with schizophrenia or ASD (SEMA3A, TRFR2 and VLDLR); they also found that these genes were involved in abnormal glial-neuronal communication and neuron migration (connexin 43 and aquaporin 4) and myelination (Fatemi et al., 2008a (Fatemi et al., ,b, 2009 .
A Swedish group reported that neonatal olfactory bulb injection of the neuroadapted influenza A virus strain, WSN/33, in C57BL/6 mice produced decreased anxiety and impaired spatial learning in the Morris water maze test. Early postnatal infection also elevated transcriptional activity of two genes encoding for synaptic regulatory proteins, regulator of G-protein signaling 4 and calcium/calmodulin-dependent protein kinase II α, in the amygdala, hypothalamus, and cerebellum. Beraki et al. (2005) presented an intriguing finding, i.e., the pronounced alteration in expression of the RGS4 gene, which has been associated with schizophrenia.
Although influenza models have convincingly demonstrated the pathogenic properties of live viral infection, there is a need to be cautious in generalizing the data to human conditions. First, live influenza infection is usually sub-lethal in mice, suggesting that a number of factors unrelated to direct virus infection (e.g., hypoxia or general sickness of pregnant dams) may also be responsible for the observed phenotypes. Second, there are appreciable differences in the biology of influenza infections between humans and mice, including the brain distribution of the viral receptors (Kim et al., 2013b) . One of the approaches to overcome the limitations of live infection models includes the use of synthetic compounds that produce immune activation similar to the live virus. These immune stimulators are helpful in evaluating the generic processes of immune activation common to animals and humans (Meyer and Feldon, 2012) .
Immune activation
There is a growing appreciation of neurodevelopmental rodent models that mimic prenatal immune activation as one of the major environmental risk factors for ASD and schizophrenia (Meyer et al., 2009; Boksa, 2010; Piontkewitz et al., 2012) . The two most popular models are based on maternal exposure to the bacterial endotoxin, lipopolysaccharide (LPS), and the synthetic analogue of double-stranded RNA, polyriboinosinic:po lyribocytidilic acid (PolyI:C). LPS is a ligand of toll-like receptor 4 (TLR4), whereas PolyI:C is recognized by TLR3 ( Alexopoulou et al., 2001; Triantafilou and Triantafilou, 2002) . TLRs are pathogen recognition receptors that detect invariant structural patterns present on pathogens. LPS and PolyI:C stimulate the production and release of pro-inflammatory cytokines (Kimura et al., 1994; Fortier et al., 2004) . LPS exposure leads to a cytokine-associated innate immune response, which is typically seen after infection with gram-negative bacteria (Triantafilou and Triantafilou, 2002) , while the administration of poly I:C induces immune activation similar to that due to viral infection (Alexopoulou et al., 2001) . Several excellent reviews on these models have been published recently (Meyer et al., 2009; Harvey and Boksa, 2012; Meyer and Feldon, 2012) . We will review a few studies that specifically examined the effects of maternal immune activation on the cerebellum.
Patterson Lab assessed the effects of poly I:C (E12.5) on the cerebellum in the offspring. The linear density of PCs in the cerebellum of adult or P11-offspring was studied. To study granule cell migration, the researchers injected BrdU to offspring on P11 and found that adult offspring of poly (I:C)-exposed mice displayed a localized deficit in PCs in lobule VII of the cerebellum, as do P11 offspring. They noted the presence of heterotopic PCs as well as the delayed migration of granule cells in lobules VI and VII. More importantly, they observed cerebellar abnormalities in both male and female mice. The data suggest that cerebellar abnormalities occur during embryonic development, and may be an early deficit in ASD and schizophrenia (Shi et al., 2009) .
A previous study used maternal LPS exposure rat model to examine the potential link between ASD-like alterations and maternal infection, and expression of neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) in the cerebellum. In that work, Xu et al. (2013a,b) found elevated cerebellar NT-3 levels in LPSexposed pups on P21. They also found that LPS exposure affected the developing cerebellum in a strain-and sexdependent manner via complex mechanisms of oxidative stress.
Thyroid models
Thyroid hormone is essential for brain development and maintenance of basal metabolic rates. In addition, hypothyroidism during brain development induces considerable damage to the central nervous system, including such cerebellar abnormalities as abnormal migration of granule cells and fewer synapses in cerebellar cortex as well as malformed dendrites on PC (Sadamatsu et al., 2006) . A popular model of early postnatal hypothyroidism is based on exposure to 0.02% propylthiouracil (PTU) lactating rats and their pups to induce a temporary mild hypothyroidism in developing animals (Van Middlesworth and Norris, 1980) . Kato et al. (1982) conducted a series of experiments to systematically investigate the effects of temporary neonatal PTU-induced hypothyroidism on the behavior of rats treated with 0.02% PTU from P0-19. The treatment decreased serum T4 level below the limit of detection at 2 weeks of age followed by a recovery by 4 weeks of age (Akaike et al., 1991) . Behavioral testing demonstrated hyperactivity and attenuated habituation in the open field test in PTU rats (Akaike et al., 1991; Akaike and Kato, 1997) . PTU rats also showed deficient learning and memory in water maze and radial maze tests. Compared with control rats, PTU rats also displayed inferiority in terms of reversal learning in the modified T maze test, suggesting the inability to adapt to changes in the environment (Akaike et al., 1991; Akaike and Kato, 1997) . Furthermore, PTU rats have been found to be susceptible to audiogenic seizures (Yasuda et al., 2000) . These behavioral alterations have been associated with delayed granular cell migration in the external granular layer (Sadamatsu and Watanabe, 2005) . Taken together, these results suggest that mild hypothyroidism in PTU exposed mice mimic aspects of pathology and behavioral changes in ASD (Sadamatsu et al., 2006) . Table 1 summarizes the main features of the environmental models described. Although these models have shed light on how environmental adversities associated with human psychiatric disease can impact the cerebellum development and function, the main caveats of these models include their limited specificity, significantly impeding our ability to discriminate the primary and secondary cerebellar effects. The recent progress in mouse genetics allows for more accurately linking specific cerebellar defects to resultant behavioral alterations.
Genetic models
Human genetic studies have identified genetic risk factors for ASD or schizophrenia (Gejman et al., 2011; Sullivan et al., 2012) . Many of those mutations have been recreated in animals, and we refer the readers to recent reviews in this field (Pletnikov, 2009; Jaaro-Peled et al., 2010; Ey et al., 2011 ). In the current review, we will focus on the studies of mutations that impact the cerebellum and have been implicated in ASD and/or schizophrenia in humans. We will not review multiple spontaneous cerebellar mutations in mice that have been extensively reviewed elsewhere (Harkins and Fox, 2002; Dusart et al., 2006; Vogel et al., 2007) .
Models for autism Staggerer mice
The staggerer mouse has a mutation of the retinoic acid receptor-related orphan receptor α (RORα) gene that has been implicated in ASD (Hamilton et al., 1996; Nguyen et al., 2010) . Studies of staggerer mice have illuminated the functions of RORα in peripheral tissues and in the brain. This gene is critically involved in maturation and survival of PCs (Boukhtouche et al., 2006) because the deletion of this gene leads to a marked loss (up to 80%) of PCs Mullen, 1979, 1996; Doulazmi et al., 2001 ) and a nearly complete disappearance of granule cells (Landis and Sidman, 1978; Roffler-Tarlov and Herrup, 1981) , resulting in profound hypoplasia of the cerebellum. Although ensuing ataxia significantly confounds evaluation of non-motor phenotypes in this mutant model, there are reports about impaired spatial and reversal learning and memory deficits, perseverative behavior, and abnormal responses to novel environments (Goldowitz and Koch, 1986; Misslin et al., 1986; Lalonde et al., 1996). Apart from the cerebellum, RORα is expressed in other brain regions although its role there remains less studied. In addition to neurons, glial cells -particularly astrocytes -have been found to express RORα, possibly to regulate inflammatory and oxidative pathways (Jolly et al., 2012) . New animal models with time-, cell type and region-dependent manipulations of RORα are needed to better appreciate the possible multiple roles of the gene.
SHANK3
The SHANK3 gene is localized at chromosome 22q13 and encodes for a postsynaptic protein (Boeckers et al., 2002; Durand et al., 2007) . Shank 3 mutation has been found in 2% of autism cases and is associated with cognitive deficits (Bonaglia et al., 2006; Bozdagi et al., 2010) . Although the existing Shank3 models have not yet directly studied the effects on the cerebellum, Shank3 is expressed by granule cells of the cerebellum, suggesting that this gene might be important for cerebellar maturation and synaptic functioning (Beri et al., 2007; Peça et al., 2011; Jiang and Ehlers, 2013) . Deletions of the human SHANK3 gene also span another gene, IB2, which is widely expressed in the brain within postsynaptic densities. Ib2 KO mice have shown altered glutamatergic transmission in the cerebellum, abnormal dendritic arborization of PC and motor and cognitive deficits, consistent with ASD and supporting the role of the human IB2 mutation in cognitive dysfunction (Giza et al., 2010) .
ENGRAILED 2 (En2)
ENGRAILED 2 (En2) is a transcription factor involved in the development of the hindbrain and cerebellum ( Kuemerle et al., 1997 ( Kuemerle et al., , 2007 Sillitoe et al., 2008) . The gene has been associated with autism in genetic linkage studies (Petit et al., 1995; Sen et al., 2010) . EN2 KO mice showed decreased number of PC and foliation defects (Millen et al., 1994; Kuemerle et al., 1997 Kuemerle et al., , 2007 , and demonstrated decreased levels of play and social behavior as well as enhanced aggressive behavior (Cheh et al., 2006) . En2 null mutants also exhibit robust deficits in reciprocal social interactions as juveniles and adults as well as the absence of sociability in adults. In addition, impairment in fear conditioning and water maze learning, high immobility in the forced swim test, reduced pre-pulse inhibition, mild motor coordination impairment, and reduced grip strength have also been reported in En2 null mice. Curiously, other autism-related behavioral measures, such as ultrasonic vocalizations, stereotypy or anxiety, have been found to be unaltered in these KO mice. These findings implicate En2 signaling in social and cognitive behaviors (Brielmaier et al., 2012) .
FMR1
The FMR1 gene encodes for the fragile X mental retardation protein. Mutations of the FMR1 gene are responsible for fragile X syndrome (Verkerk et al., 1991; GoodrichHunsaker et al., 2011) , which is characterized by cognitive impairment and other autism-resembling phenotypes (Rogers et al., 2001; Tsiouris and Brown, 2004) . Fmr1 KO mice are hyperactive, exhibit perseverative behavior, as well as poor learning and memory, including eye blink conditioning and fear conditioning (Koekkoek et al., 2005; Olmos-Serrano et al., 2011) . Cerebellar abnormalities in this mouse model include altered (elongated) spines on PCs and a smaller volume of cerebellar nuclei (Koekkoek et al., 2005; Ellegood et al., 2010) . Given an emerging role for glia and neuroimmune dysfunction in neurodevelopmental disorders (Bartzokis, 2012; Schwarz and Bilbo, 2012) , it is intriguing that Fmr1 KO mice have cerebellar astroglial activation that could be attenuated with lithium (Yuskaitis et al., 2010) . Future studies with this model could address a putative link between neuroimmune activation and behavioral alterations.
Tuberous sclerosis complex (TSC)
TSC is a neurogenetic disorder characterized by epilepsy, developmental delay, and autism. TSC is caused by inactivating mutations in either of two genes encoding for the proteins hamartin (TSC1) and tuberin (TSC2). These proteins form a heterodimer that inhibits the mammalian target of rapamycin complex 1 (mTORC1) pathway, thus controlling translation and cell growth. Loss of either protein results in altered mTORC1 activation. About 30% of TSC patients have cerebellar pathology (Ertan et al., 2010) . To investigate the effects of TSC on the cerebellum, a mouse model with selective deletion of the Tsc2 gene in PC starting at PND 6 has been generated. Tsc2 conditional knockout mice have a progressive PC loss and ensuing motor deficits amenable to treatment with rapamycin, mTORC1 inhibitor. In a follow-up study, the same group reports that that Tsc2f/-;Cre mice displayed increased repetitive behavior in marble burying test and no preference for a live mouse or a novel partner. Intriguingly, these behavioral alterations can be also ameliorated with rapamycin, suggesting that the PC pathology could partly explain ASD-like abnormalities (Reith et al., 2011 (Reith et al., , 2013 . Another group reported that selective heterozygous and homozygous loss of Tsc1 in PCs produces abnormal social interaction, repetitive behavior, and vocalizations. Treatment of these mutants with rapamycin also prevents the pathological and behavioral deficits (Tsai et al., 2012) .
Foxp2
Forkhead box protein P2 (a.k.a. FOXP2) is encoded by the FOXP2 gene on chromosome 7q31. The protein contains a forkhead-box DNA-binding domain, making it a member of the FOX group of transcription factors (Fisher and Scharff, 2009) . Human mutations of FOXP2 have been found to cause severe speech and language disorders (Kang and Drayna, 2011; Bacon and Rappold, 2012) .
FOXP2 directly regulates a large number of downstream target genes, including a member of the neurexin family, the CNTNAP2 gene associated with language impairment (Penagarikano and Geschwind, 2012) . Given that the 7q31 region has been implicated in ASD, where language impairment is a core component, FOXP2 has also been considered as a potential susceptibility locus for the language deficits in ASD (Newbury and Monaco, 2010) . Homozygous Foxp2 KO mice demonstrated motor impairment, premature death, and absence of maternal separation-induced ultrasonic vocalization. Heterozygous Foxp2 mice also showed altered ultrasonic vocalization, with learning and memory remaining unaffected. The cere bellum pathology included misaligned and ectopic PCs with underdeveloped dendritic arbors, and thinning of the molecular layer and clumped fibers of radial glia have been observed in mice with disruptions in Foxp2, thus supporting the notion that Foxp2 plays a role in cerebellar development and social communication (Shu et al., 2005) .
Foxp2 (R552H) knock-in (KI) mice carrying the mutation associated with human speech-language disorder have shown impaired ultrasonic vocalization and abnormal development of PC. In addition, mRNA levels of Cntnap2, a gene regulated by Foxp2, significantly increased in the cerebellum of KI pups. Although CNTPNAP2 expression is not decreased in poorly developed PC, synaptophysin immunofluorescence is diminished. Interestingly, CNTPNAP2 and CtBP have been shown to be ubiquitously expressed, while Foxp2 co-localized with CtBP only in PCs. The findings implicate Foxp2 in ultrasonic vocalization by associating with CtBP in PC, with Cntnap2 serving as a putative target of CtBP (Fujita et al., 2012a,b) .
The same group also evaluated a possible interplay between Foxp2 and the mouse orthologue of the gene, CADM1, which encodes the synaptic adhesion molecule CADM1 (RA175/Necl2/SynCAM1/Cadm1), and is associated with autism and language impairment. Similar to Foxp2 (R552H) KI mouse pups, Cadm1 KO pups exhibited impaired ultrasonic vocalization (USV) and smaller cerebella. Cadm1 is predominantly expressed in the apicaldistal portion of the dendritic arbor of PC in the molecular layer. VGluT1 levels are decreased in the cerebellum of Cadm1 KO mice. Reduced immunoreactivities of CADM1 and VGluT1 have also been found on stunned dendrites of PC in Foxp2 (R552H) KI pups, whereas Cadm1 mRNA expression is not altered in Foxp2(R552H) KI pups, indicating that Foxp2 does not seem to target Cadm1, and that loss of Cadm1-expressing synapses on the dendrites of PC may be associated with the USV impairment found in both mutant models (Fujita et al., 2012b,c) .
GABA receptors
A role of cerebellar GABA receptors in mediating altered USV in Camd1 KO mice has also been examined as the C-terminal peptide of Cadm1 associated with Mupp1 at PSD-95/ Dlg/ZO-1(PDZ)(1-5), a scaffold protein containing 13 PDZ domains interacting with GABA type B receptor (GABBR)2 at PDZ13, but not with PSD-95. Cadm1 has been demonstrated to co-localize with Mupp1 and GABBR2 on the dendrites of PCs in the molecular layers of the developing cerebellum. The increased amount of GABBR2 protein in the cerebella of Cadm1 KO mice suggests that the up-regulation of GABBR2 in the cerebellum in the absence of CADM1 may contribute to aspects of autism-related behavioral phenotype (Fujita et al., 2012c) . A putative role for GABA receptors of the cerebellum in autism-related behavioral alterations has also been evaluated with Gabrb3 KO mice that displayed less sociability and nesting behavior as well as hypoplasia of the cerebellar vermis (DeLorey et al., 2008) . Table 2 summarizes the autism models reviewed here.
Models for schizophrenia G72/G30
Compared with autism models, much fewer studies of cerebellar abnormalities have been conducted with genetic mouse models for schizophrenia. Human genetic studies have implicated the primate-specific gene locus G72/G30 in schizophrenia as well as bipolar and panic disorders (Shi et al., 2008; Gomez et al., 2009; Drews et al., 2012) . It encodes for a protein LG72 that regulates the peroxisomal enzyme, D-amino-acid-oxidase (DAO), or functions as a mitochondrial protein, which promotes robust mitochondrial fragmentation (Kvajo et al., 2008) . Bacterial artificial chromosome (BAC) transgenic mice (G72Tg) expressing alternatively spliced G72 and G30 transcripts, and the LG72 protein, display impaired PPI reversible with haloperidol, increased sensitivity to PCP, motor-coordination deficits, increased compulsive behaviors, and deficits in smell identification. G72 expression is prominent in granular cells of the cerebellum, the hippocampus, the cortex, and the olfactory bulb. Compared with controls, G72Tg mice showed altered expression of proteins involved in myelin-related processes, oxidative stress and mitochondrial function in the cerebellum, indicating the potential molecular correlates of schizophrenia-like behavior (Otte et al., 2009; Filiou et al., 2012; Cheng et al., 2013) . Interestingly, an oral treatment with N-acetyl cysteine, a precursor of glutathione, Herrup and Mullen, 1979; Goldowitz and Koch, 1986; Misslin et al., 1986; Herrup et al., 1996; Lalonde et al., 1996; Doulazmi et Shu et al., 2005; Fujita et al., 2012a-c increased the antioxidant capacity and rescued the spatial learning deficit in G72Tg mice (Otte et al., 2011) .
Df(16)A KO model
A recent study conducted a high-resolution brain region volumetric MRI analysis of mutant mice, (Df(16)A +/− ), which mimics the 22q11.2 deletion that has been established as a strong genetic risk factor for the development of schizophrenia and cognitive dysfunction. In that study, mutant mice showed disease-associated abnormalities on synaptic, cellular, neurocircuitry, and behavioral levels (Stark et al., 2008) . The MRI analysis also revealed a striking similarity in the specific volumetric changes of Df (16)A +/− mice compared with patients with the 22q11.2 deletion in the cortical, striatal, and limbic brain areas. Intriguingly, the study also identified the cerebellar abnormalities within both the deep cerebellar nuclei and the cerebellar cortex in mutant mice. Although these findings support the potential role for the cerebellum in schizophrenia-related pathology, it remains unclear if these volumetric changes are primary or secondary with regards mutation (Ellegood et al., 2013) .
Disrupted in Schizophrenia 1 (DISC1)
The DISC1 gene was first identified in a balanced chromosomal translocation [t(1;11)] in a Scottish pedigree with a history of major psychiatric disorders, including schizophrenia, bipolar disease, and depression (St Clair et al., 1990) . The existence of a clear identifiable mutation has put DISC1 in the unique position in the basic research on schizophrenia and related major mental illnesses (Millar et al., 2001; Chubb et al., 2008) , although there are several negative findings with this gene, including lack of findings from recent GWA studies (Sullivan, 2013) . DISC1 acts as a scaffold protein, with multiple motifs mediating binding to several proteins and facilitating formation of protein complexes (Camargo et al., 2007) . Accordingly, DISC1 has been implicated in various brain processes in neuronal proliferation, migration, synaptic formation, and synaptic transmission (Brandon and Sawa, 2011; Kamiya et al., 2012; Thomson et al., 2013) .
Disc1 mRNA has a very restricted distribution in adult mouse brain. The highest expression is present in the dentate gyrus of the hippocampus, with lower expression levels in the CA1-CA3 subfields of the hippocampus, the PC layer in the cerebellum, the dorsal neocortex, the hypothalamus, and the olfactory bulbs. Curiously, in the cerebellum, although the Disc1 expression is restricted to the PC layer, the PCs themselves did not seem to express Disc1. Rather, the cells that expressed Disc1 in the cerebellum have been found to be NeuN negative, small in size, and located at the periphery of PC, consistent with these cells being Bergmann glia (Ma et al., 2002) . A follow-up report evaluated a developmental course of Disc1 expression and demonstrated Disc1 expression in the olfactory bulbs and cerebellum by P1. Curiously, cerebellar distributions are suggestive of interneuron and Bergmann glia identity, respectively, as seen previously in adults. The mature pattern of Disc1 expression has been established by P21 (Austin et al., 2004) .
The study of mRNA expression for Disc1 was further corroborated by immunohistochemical analyses of different regions of adult mouse brain, which showed that DISC1 protein is broadly expressed within several areas of the brain, especially in the cortex, hippocampus, hypothalamus, cerebellum, and brain stem. In the cerebellum, however, PCs have been found to be predominantly DISC1+ cells (Schurov et al., 2004) .
Regional expression of DISC1 in the primate brain has also been evaluated with in situ hybridization. The researchers found that DISC1 expression is most prominent in the dentate gyrus of the hippocampus and lateral septum. Lower levels of expression have been noted in the cerebral cortex, amygdala, paraventricular hypothalamus, cerebellum, interpeduncular nucleus, and subthalamic nucleus. Similar to the mouse study, abundant amounts of DISC1+ cells have been found in the cerebellum and are scattered throughout the molecular layer, consistent with glial cell identity (Austin et al., 2003) . Another group confirmed the cerebellar expression of DISC1 in the primate brain by Western blot (Bord et al., 2006) . A recent study reports a novel interaction between DISC1 and Tensin2, an intracellular actin-binding protein that bridges the intracellular portion of transmembrane receptors to the cytoskeleton, thereby regulating signaling for cell shape and motility. Intriguingly, it has been found that DISC1-Tensin2 co-localization is strongest in PCs. DISC1 specifically interacts with the C-terminal PTB domain of Tensin2 in a phosphorylation-independent manner. This new knowledge on the DISC1-Tensin2 interaction, as part of the wider DISC1 interactome, should further elucidate the signaling pathways that are perturbed in schizophrenia and other mental disorders (Goudarzi et al., 2013) .
In order to address the role of DISC1 in the development and function of the cerebellum in vivo, we have generated a model of inducible expression of dominantnegative mutant DISC1 in the cerebellum. In this model, single transgenic mutant DISC1 mice are mated with single transgenic mice that express tetracycline trans-activator (tTA) under the control of the modified Parvalbumin-2A promoter (Zariwala et al., 2011) . Our preliminary experiments demonstrated that expression of mutant DISC1 is present in the cerebellum but not in the cortex or hippocampus, as detected by RT-PCR and Western blot. The cell-specific activity of the promoter was predominantly observed in PC and a few cerebellar interneurons as confirmed with a reporter TRE-tdTomato line. Mutant mice also showed significantly elevated horizontal and vertical activities in open field, deficits in object recognition, and enhanced recognition of a new social partner. In addition, decreased levels of cue-and context-dependent fear conditioning have been observed in male and female mice with PC-selective expression of mutant DISC1. Further evaluation of this mouse model is under way. We believe that this mouse model may be helpful in elucidating the role of DISC1 in normal and abnormal cerebellar development and may shed further light on psychiatric disorders with cerebellar dysfunction. Table 3 summarizes the schizophrenia models reviewed above.
Conclusions and future directions
The cerebellum is reclaiming its important role in the regulation of emotional and cognitive spheres of human mind. However, our understanding of the complex picture of mental illness shall remain incomplete without considering the contributions of abnormal development of the cerebellum. Although recent progress in psychiatric genetics and epidemiological studies has facilitated the development of animal models, very few ones have specifically studied the effects of a mutation or an environmental factor on the cerebellum. Even fewer models are able to address the cerebellar effects without confounding influences of changes elsewhere in the brain. Future studies should utilize technologies to manipulate with a gene in a circuitry-or cell-specific manner. Similarly, we increasingly need models that can target the cerebellar cells in a time-dependent fashion given a time-specific course of maturation of different cell type of the cerebellum. We also need models that allow the gradual regulation of the expression levels of risk factors in PCs, in order to minimize confounding effects of loss of PCs and motor dysfunction on non-motor behaviors.
Another potentially fruitful direction is to generate models with simultaneous manipulations of genetic risk factors in the cerebellum and frontal cortex and/or striatum, in order to decipher the role of distant brain connections in the brain-wide neuronal networks that control behaviors. This direction arguably presents a research avenue of enormous promise.
Most studies have focused on neuronal functions of susceptibility genes. However, these genes are also expressed by glial cells (Prevot et al., 2003; Iijima et al., 2009) . For example, a recent study has provided the first evidence for interaction between DISC1 and serine racemase in astrocytes, connecting DISC1 and D-serine/NMDA receptor hypofunction (Ma et al., 2013) . In the cerebellum, Bergmann glia, which express Disc1, are essential for cerebellar development and function (Buffo and Rossi, 2013) . With the growing interest in the role for glia cells in the pathogenesis and pathophysiology of autism and schizophrenia, one can anticipate more models that incorporate selective glial manipulation of risk factors.
Thus far, explorations on the role of protective factors in counteracting the adverse effects of mutations and environment have been very minimal (Mihali et al., 2012) . New approaches using resilience factors can advance this exciting direction (Burrows et al., 2011; Takuma et al., 2011) . Combining this type of treatment with current models can demonstrate whether environmental enrichment can compensate for the deleterious effects caused by aversive environment to suggest novel treatments and how this process occurs (Laviola et al., 2008; Pratt et al., 2012) .
In conclusion, the role of the cerebellum in non-motor function has been increasingly appreciated. There is a need to advance scientific knowledge of the mechanisms through which the cerebellum influences emotional, cognitive and social aspects of the human mind. This will undoubtedly improve our understanding of how the pathology of the cerebellum contributes to non-motor symptoms of major psychiatric disorders. Genetic animal models are valuable experimental preparations that can address molecular and cellular mechanisms of abnormal cerebellar development and associated behavioral changes relevant to human mental conditions. Unfortunately, the role for the genes involved in cerebellar development remains poorly characterized due to the scarcity of models to selectively perturb expression of the genes implicated in autism, schizophrenia and associated psychotic disorders. Thus, more sophisticated and advanced genetic manipulations are required to refine the present models and increase their relevance and utility to studies of the cerebellum as well as its role in mental health and disease. 
